Chlorophyll a, X-Ray Photoelectron Spectra, NMR Spectra
Introduction
The redox reaction of metalloporphyrins plays an im portant role in bioinorganic chemistry of metalloproteins. The axial coordination of nitrogen-containing ligands to iron(III) porphyrins is well-known to give rise to the reduction of highspin iron(III) ion to low-spin iron(II) ion. So far, there has been a wide variety of studies on the socalled autoreduction of metalloporphyrins accom panied by the axial coordination of nitrogen-containing heterocyclic ligands such as pyridine and its derivatives [1] [2] [3] [4] [5] . In spite of much interest in iron porphyrins, only a limited num ber of papers has been published on the autoreduction of the central iron atom in iron(III) chlorophylls [6] [7] . The structural characteristics of the macrocyclic chlorine ring in iron(III) chlorophyll a should be closely connected with changes in the electronic state of the central iron ion. Interestingly, Sege and Smith [8] showed, by X-ray crystallographic analysis, that the planarity of the nickel(II) m ethylpyropheophorbide a is changing due to the * Reprint requests to Prof. Dr. Dr. h.c. E. Fluck. saturation of one of the four pyrrole rings and the adjacent cyclopentenone ring to give a non-planar system. In the present study the autoreduction in duced by the axial coordination of phosphine or phosphite to iron(III) chlorophyll a has been in vestigated in comparison to that in iron(III) por phyrins in order to clarify the structural feature of the macrocyclic chlorine ring (Fig. 1) . Phosphines or phosphites have been selected as axial ligands because the electron-donating and -withdrawing power of the phosphorus ligand is easily tuned by replacing the alkyl or alkoxy groups adjacent to the phosphorus ligand atom. The bis-adducts of iron chlorophyll a with phosphine or phosphite have been characterized in solution and in solid state to learn how the structure of the macrocyclic chlorine ring or the properties of the axial phos phine or phosphite ligands influence the autore duction behavior of iron(III) chlorophyll a.
Experimental

Materials
All chemicals commercially available from Kanto Chemical Co. Inc. and Junsei Chemical Co. Ltd. were of reagent grade and used as received 0932-0776/95/0800-1222 $06.00 © 1995 Verlag der Zeitschrift für Naturforschung. All rights reserved. without further purification. All solvents were dried in the usual m anner and deoxygenated prior to use with a stream of dry argon. The solvents used for NM R and ESR m easurem ents were ob tained from Wako Chemicals Co. and those for electronic spectra were of spectrograde. Iron(III) chlorophyll a was prepared and purified as de scribed previously [9] .
Preparation o f bis-adducts
To a solution of 5.0 mg (1.05 x 10-6 mol) iron(III) chlorophyll a in 2.5 ml of chloroform was added 2.63x lO -6 mol of trialkylphosphine (or 52.5x lO -6 mol of trialkylphosphite). The reaction mixture was stirred at 30 °C for 3 h, then cooled to room tem perature, and evaporated to dryness to yield the bis-adduct of iron chlorophyll a with phos phine or phosphite. The bis-adducts obtained were subjected to physical m easurem ents in solid state. All operations were perform ed in the absence of light and in an argon atm osphere.
Instruments
The electronic absorption spectra were recorded on a JASCO V-550 UV-VIS spectrophotom eter using 1 cm quartz cells. The 31P{'H} NM R spectra were recorded on CDC13 solutions of bis-adducts of iron chlorophyll a with phosphine or phosphite on a B ruker W P80 FT NM R spectrometer. The ESR spectra were taken of a frozen chloroform solution of iron chlorophyll a (ca. 4.7xlO -3 M) at 77 K with a JE O L R E -3X spectrometer. A 100-fold excess of the phosphorus ligands (0.47 M) was added to the chloroform solution in the absence of oxygen. Anaerobic samples were prepared by degassing the solvent by three freeze-thaw cycles. The 57Fe Mössbauer spectra were measured against a 57Co source in Rh foil with a Wissel constant-acceleration transducer coupled to a C an berra O M E G A -1 multichannel analyzer. The sam ple was cooled to liquid nitrogen tem perature (77 K) in a Torisha cryostat. The "^Fe M össbauer spectra were fitted to Lorentzian curves using a least-squares iterative com puter program. The iso mer shift was referred to the centroid of the sextet of natural iron foil kept at 20 °C. The X-ray photo electron spectra were taken at room tem perature with a JE O L JPS-90SX spectrom eter using MgKa radiation (1253.6 eV). The binding energies of core electrons were referred to C Is (285.0 eV).
Results and Discussion
Autoreduction induced by axial coordination
An excess of phosphine or phosphite was added to a chloroform solution of iron(III) chlorophyll a to observe the axial coordination of the phos phorus ligand in solution. The reaction mixture was stirred at 30 °C for 3 h under an argon atm o sphere and the change in the electronic spectra was m onitored spectrophotometrically. A fter the reaction mixture was cooled to 20 °C, the elec tronic spectrum was recorded and com pared with that of the starting material (Fig. 2) . As expected, both Soret and Q bands of the reaction mixture were red-shifted, i.e. shifted to longer wavelengths compared with those of the starting material. This red-shift in Soret and Q bands is an evidence for "autoreduction" which is induced by the axial co- 
The third step, i.e. reaction (3), is called autore duction. The bis-adduct of phosphine or phosphite with iron(III) chlorophyll a is very rapidly formed at ambient tem perature when an excess of the phosphorus ligands is used for reactions (1 ) and (2) . The absorption maxima of the bis-adducts of iron chlorophyll a are summarized in Table I . Soret and Q bands were red-shifted in all bis-ad ducts of phosphine or phosphite with iron chloro phyll a and their red-shifts were -2580 cm -1 for Soret bands and -367 cm -1 for Q bands. The mag nitude of the red-shift accompanied by the adduct formation is much the same for both phosphine and phosphite ligands. This indicates that the central iron(III) ion of iron(III) chlorophyll a is reduced by the axial coordination of phosphine or phosphite at least under the present experim en tal conditions.
A toluene solution of iron(III) chlorophyll a was spectrophotom etrically titrated with phosphine or phosphite to observe more closely the axial coor dination of the phosphorus ligand to the central iron(III) ion. A series of absorption spectra are reproduced for the reaction of iron(III) chloro phyll a (l.O xlO -5 M) with triethylphosphite in Fig. 3 , where the concentration of triethylphos phite was varied from 0 to 6.93 x l 0~3 M. More Table I . Absorption maxima (/Lm ax ) of bis-adducts of a phosphine or phosphite with iron(III) chlorophyll a at 25 °C. than two isosbestic points were found from 350 to 800 nm during the course of the spectrophotom etric titration. The entire equilibrium of the axial co ordination is described by
The Hill plots [10] were constructed for the re action of iron(III) chlorophyll a with triethylphos phite using the data of the spectrophotom etric titration and illustrated together with the experi mental conditions in Fig. 4 . A similar type of Hill plot was also obtained for the adduct formation of iron(III) chlorophyll a with phosphines or phos phites other than triethylphosphite. The slope of the straight line was close to 2 in all cases, indicat ing that the reaction of iron(III) chlorophyll a with phosphine or phosphite in toluene does not yield a m ono-adduct, but a bis-adduct. This is consistent with the above interpretation that reactions ( 1 ) and (2 ) proceed very rapidly at am bient tem per ature. The equilibrium constant for reaction (4) was calculated from the intercept at log[PX3] = 0 of the Hill plots. For example, the equilibrium constant for PX3 = P(C 2H 5)3 was 2.28 xlO4 M r2 at 25 °C, while that for PX3 = P(O C 2H 5)3 was 2.49xlO 2 M -2 at 25 °C. In general the bis-adduct formation of the phosphine with iron(III) chloro phyll a gave a larger equilibrium constant than that of the phosphite. This tendency is associated with the fact that the autoreduction of the central iron(III) ion of iron(III) chlorophyll a occurs more easily in the bis-adduct of the phosphine than that of the phosphite.
Spin states o f intermediates in autoreduction
The proton-decoupled 31P NM R spectrum of the bis-adduct of iron chlorophyll a with phos phine or phosphite was m easured in the presence of excess phosphorus ligands. The singlet appeared downfield compared with that of the correspond ing free ligand. The NM R data of the bis-adducts of iron chlorophyll a with phosphorus ligands are summarized in Table II in comparison with those on iron porphyrins. The NM R signal was observed in the range typical for low-spin iron(II) phos phine or phosphite complexes. In other words, the autoreduction of iron(III) chlorophyll a is induced by the axial coordination of phosphine or phos- phite to its central iron(III) ion. The coordination shift in the bis-adduct of iron chlorophyll a with the phosphorus ligand is comparable to that in the corresponding bis-adduct of iron porphyrins. The coordination shift of the bis-adduct with phos phine is larger than that with phosphite. The drift of electrons from the phosphorus ligand atom to the central iron is large in the phosphine complex compared with the phosphite complex. The net drift of electrons is smaller in the phosphite com plex due to the contribution of the Fe-to-P back donation than in the phosphine complex. The ESR spectra of the reaction mixture of iron(III) chlorophyll a with phosphine or phos phite were measured in a frozen solution of chlo roform at 77 K to explore the spin state of the intermediates. The autoreduction was m onitored directly in the ESR tube, generally with 2 ml sam ples of 10 mM iron chlorophyll solutions contain ing a 1 0 -1 0 0 molar excess of phosphorus ligands. A typical ESR spectrum of an adduct of iron(III) Table III . It is of interest that the dxz and dyz orbitals are more stabilized in the bis-adducts of low-spin iron(III) chlorophyll a than in those of low-spin iron(III) porphyrins. This relative lowering of the dxz and dyz orbitals in the bis-adduct of low-spin iron(III) chlorophyll a is as cribed to the easy reduction of iron(III) chloro phyll a compared with iron(III) porphyrins.
Electronic structure o f bis-adducts in solid state
The bis-adducts of iron chlorophyll a with phos phine or phosphite were carefully concentrated in the presence of excess phosphorus ligands. The residue obtained by careful evaporation of the Fig. 6 . M össbauer spectra of (1) iron(III) chlorophyll a and (2) its bis-adduct with trimethylphosphine. solvent of the reaction mixture was loaded into a polyethylene sample holder which was heat-sealed with partial cooling by liquid nitrogen. The typical 57Fe M össbauer spectra measured at 77 K are re produced in Fig. 6 . Iron(III) chlorophyll a, i.e. iron(III)(pheophytinato a)chloride gave an asym metric quadrupole-split doublet typical of a highspin five-coordinate iron(III) chlorine which is in a d^configuration with a 6A ground state [12] . A dramatic change was observed on going from iron(III) chlorophyll a to the corresponding bisadduct of phosphine or phosphite. The asymmetric quadrupole-split doublet became a symmetric one that is characteristic of low-spin iron(II) com plexes. The M össbauer param eters obtained for the adducts of iron chlorophyll a with phosphine or phosphite are listed in Table IV in comparison with those of iron porphyrins. The M össbauer param eters observed for the bis-adducts fall into the range typical for low-spin iron(II) porphyrins [13] and low-spin iron(II) chlorophylls [14] . This indicates that the central iron ion of the bis-ad ducts of iron chlorophylls with phosphine or phos phite is divalent and in the low-spin state. The iso-, mer shifts of bis-adducts with phosphines increase in the order P(CH3)3 < P(C2H 5)3 < P(n-C4H 9)3, while those of bis-adducts with phosphites decrease in the order P(O C H 3)3 < P(O C 2H 5)3 < P (0 -n -C 4H 9)3. The increasing tendency of the iso mer shifts in the phosphine adducts is quite the reverse compared with that in the phosphite ad- phite.
ducts. On the other hand, the quadrupole splittings increase with the isomer shifts as a whole, when the quadrupole splittings are plotted against the isomer shifts. This tendency leads to the following interpretation about the F e -P bond in the bis-ad ducts of iron chlorophyll a with phosphine or phosphite: The a-donation from the phosphorus ligand atom to the central iron ion is predominant in the phosphine adducts. By contrast, the syner getic jr-back donation from the filled d^-orbitals to the empty d-orbitals of the phosphorus ligand plays a certain role in the F e -P bond of the phos phite adducts. The X-ray photoelectron spectra of the bis-adducts of iron chlorophyll a with phosphine or phosphite were m easured in solid state. The par tial spectra in the energy region of the Fe2p core electron level are shown in Fig. 7 . The bis-adduct of low-spin iron(II) chlorophyll a with phosphine or phosphite gave a slightly narrower Fe2p3/2 peak than the parent compound, i.e. high-spin iron(III) chlorophyll a. The binding energies observed for the bis-adducts are summarized in Table V together with those reported on bis-adducts of iron(II) porphyrins. A comparison of these data reveals that the central iron ion of the bis-adduct of iron chlorophyll a with phosphine or phosphite is divalent and in the low-spin state. This is consis tent with the above conclusions drawn from the spectroscopic measurements other than X-ray photoelectron spectra.
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